Similaritons is theoretically predicted in singly resonant optical parametric oscillators by numerical simulations. Self-similar solutions of coupled-wave equations is analysed by reducing coupled-wave equations to nonlinear Schrödinger equation. Parabola-like temporal intensity profile pulses evolution in opo is presented. Self-similar pulses with linear chirp have many practical and potential applications.
Self-similarity is an important nonlinear physical phenomenon and a hot topic in optics. In recent years, self-similarity has attracted much attention, including pulse evolution in an all-normal-dispersion lasers [1] , optical fiber amplifiers [2, 3] , fiber lasers [4] and mode-locked bulk lasers [5] . Optical similariton, which was first observed in a fiber laser [6] , is a shape-preserving wave with its parameters such as amplitude and width varying with system parameters. Similariton is described by the self-similar solution of the inhomogeneous nonlinear Schrödinger equation (INLSE). Self-similar pulses in the optical fiber amplifiers [2] are asymptotic similaritons which are asymptotic solutions of governing equation. The pulses in these systems are growing self-similarly when entering self-similar region [2, 7] . Another type of optical similaritons are the exact solitonic similaritons and they are described by exact soliton solutions [8] [9] [10] [11] .
Parabolic intensity profile and linear chirp are the typical characteristics of optical similaritons. The analytical solutions of INLSE with time-independent gain can be generally obtained by self-similar transformation [2, 3, 7] . When the gain is time-dependent, it is difficult to obtain the analytical solutions of similaritons. It is found that the similaritons could be formed in passively modelocked Ta:sapphire laser [5] , where time-dependent gain or loss is included in INLSE. In general, similaritons could be formed in a nonlinear system including dispersion, nonlinearity and gain, providing they meet a certain relation. Since dispersion, nonlinearity and gain are also present in OPO, it is natural to ask whether similaritons or similariton-like pulses can be formed in OPO.
Despite substantial research about similaritons in many fields, similaritons or similariton-like pulses in OPO have never been reported. The analysis of the existence of similaritons in OPO has wide-ranging practical applications, such as pulse compression and generation of mid-infrared few-cycle pulses. The technique of generating similaritons in an OPO can support the generation femtosecond pulses by picosecond pulse pumping, and will significantly reduce the synchronization requirement in comparison with femtosecond OPOs. Physically, similariton in OPO means a new solution of three-wave coupled equations and a new type of optical pulse shaping in OPO.
In this letter we reduce the three-wave coupled equations to standard INLSE by rational approximation. We also numerically solve the three-wave coupled equations and obtain the similarition-like solution. Besides, the conditions of similariton formation in OPO are analyzed.
The equations describing OPO can be transformed to a frame of reference moving with velocity v gs = 1/ ∂ks ∂ω by use of coordinate T = t − z/v gs . Then the three-wave coupled equations for perfect phase matching (∆k = 0) are [12] λs,p,ins,p,i . Here d ef f is an effective second-order nonlinear coefficient. λ s,p,i and n s,p,i are wavelengths and refractive indices, respectively. Considering only the signal wave is resonant in the cavity, it only needs to take into account self-phase modulation evoked by third-order nonlinear effects of signal pulses. The parameter of the third-order nonlinearity on the signal field is expressed by, γ = (π/λ s )(cǫ 0 n s )n 2 , where n 2 is the intensity-dependent refractive index coefficient. If the nonlinear crystal length is much shorter than both the walk-off lengths and the dispersion lengths afforded by the crystal for the idler and the pump, then we neglect the GVM and GVD of idler and pump waves. Because the gain of OPO is small and the crystal length is very short, small change of the signal field occurs during each one round trip. Especially, the signal field can be approximately taken as a constant when it reaches saturation. Hence, we assume E s is constant over a single round trip when dealing with Eq. (2), (3) . Thus, we obtain
Using the initial idler field E i (0) = 0, we obtain the expression of idler field:
sin(az). Likewise, using the initial pump field E p (0), we obtain the pump field:
As a consequent, the right part of Eq.(1) can be reduced to
Therefore, the governing equations of the signal field E s in OPO can be reduced to the standard INLSE:
where
is parametric gain. Here, β 2 = ∂ 2 ks ∂ω 2 is group velocity dispersion for signal field and γ = (π/λ s )(cǫ 0 n s )n 2 represents third-order nonlinear parameter.
The schematic of singly resonant OPO is showed in Fig. 1 . We numerically solve Eqs. (1), (2) and (3) by using split-step Fourier algorithm. In the simulation, we assume the signal pulse is perfectly synchronized with the pump pulse at the entrance of the crystal. The OPO cavity boundary conditions are: E s (n + 1) = r s E s (n), E p (n + 1) = E p and E i (n + 1) = 0, where n represents the nth round trip and r s is the field reflectivity for signal field with a value of r s = √ 0.98. We use KTA as nonlinear crystal, with n 2 = 1.7 × 10 −19 m 2 /W and d ef f = 2.04 pm/V . The wavelength of pump pulse is λ p = 1064 nm and its pulse duration is 10 ps. We choose λ s = 3300 nm, λ i = 1570.3 nm as signal and idler wavelength, respectively. The value of γβ 2 must be positive for formation of self-similariton [3, 7] . Owing to the nonlinear parameter γ > 0, we need insert a positive dispersive device to offset the negative dispersion of KTA crystal and make the net dispersion in the cavity is positive at signal wavelength. The length of KTA nonlinear crystal is taken as 1 mm, which provides a dispersion of − 480 f s 2 at 3.3 µm wavelength. One can insert a Ge plate in the cavity, which provides a dispersion of + 1427 f s 2 /mm at 3.3 µm, to realize the required positive net intracavity dispersion. The expression of walk-off length is L w = T 0 /GV M , where T 0 is the pump pulse duration. In our simulation, the GVM val-
We calculate walk-off lengths of pump and idler fields relative to signal field to be 3003 mm, 230 mm, respectively. In the simulation we assume the pump pulse has a Gaussian temporal profile. The evolution of signal pulse energy is illustrated in Fig. 2(a) . In the simulation, a quantum noise signal with random phase is used as the initial signal field. As the number of the round trips increases, the signal pulse energy becomes larger and larger, finally reaches a saturation state. Figure. 2(b) shows the output temporal intensity profile and instantaneous frequency of the signal pulse when it reaches saturation state. As similarition observed in fiber laser [6] , the temporal intensity profile of signal pulses has an approximately parabolic shape and the signal pulse chirp is linear across the pulse. In the simulation, we find that the slope of linear chirp is inversely proportional to the net intracavity dispersion, which is consistent with the similariton evolution in the fiber laser. Figure. 2(c) shows the corresponding spectrum of signal pulse with unique shape: parabolic near the peak with a transition to a steep decay, which is the typical characteristic of similaritons [6, 13] . Since the temporal intensity profile, spectral shape and the linear chirp characteristic of the signal pulses are identical with those of similaritons, we believe formation of similariton-like pulse in the singly resonant OPO.
Since the linear chirp facilitates efficient pulse compression, we can dechirp the signal pulse outside the cavity and obtain a femtosecond compressed pulse. According to our simulation, a negative dispersion of − 2.14 × 10 5 f s 2 is required to dechirp the pulse, and a bulk Bragg grating can conveniently provide the required dispersion. After dechirping, we obtain a 110-fold compression from the 11-ps chirped pulses. The compressed pulse has a pulse duration as short as 100 fs, which corresponds to ∼ 10 optical cycles for signal pulses at 3.3 µm wavelength. Figure. 2(d) illustrates the compressed signal pulse characteristics. The compressed signal pulse includes trailing satellite pulses and remains nonlinear chirp, which are found to be caused by the GVMs between three waves. We also numerically simulated the compressed signal pulse and its chirp characteristics without taking into account GVMs, and in this case the trailing satellite pulses disappear and the instantaneous frequency becomes constant across the pulse. Thus, in order to achieve clean compressed pulses, the GVMs between three waves should be as small as possible in OPO. As similaritons in fiber lasers, the similariton-like pulses in OPO can endure high energy propagating in the cavity without pulse callapse. The amplitudes and widths of the signal field increase with the intensity of the pump pulse, as shown in Fig. 3 . The energy of pump pulse is a system parameter that determines the signal pulse characteristics. In addition, by the simulation we also find, when the pump intensity is too strong or the nonlinear crystal is very long, the gain given in Eq. (7) will oscillate along the crystal and finally the similaritonlike pulses cannot be formed in the OPO. Thus, appropriate pump intensity and nonlinear crystal length are required for formation of similariton-like pulses in the OPO. Figure. 4 exhibits the influence of net intracavity dispersion on the signal pulse spectrum. A certain amount of dispersion is required for formation of similaritonlike pulses in OPO. Too small value of dispersion fails to form stable similariton-like pulses in the cavity. In our case, the value of dispersion should be greater than ∼ + 100f s 2 and the dispersion region allowing the generation of similariton-like pulses is very wide. However, large value of dispersion will narrow the phase matching bandwidth in OPO, which in turn leads to a narrow signal pulse spectrum and prevents effective pulse compression. Therefore, the value of net intracavity dispersion must be appropriate for formation of wideband similariton-like pulses in OPO.
It has been shown that soliton pulses can be formed in singly resonant OPO [14] , where the negative intracavity dispersion is balanced with positive third-order nonlinearity. However, in our simulation we find the net intracavity dispersion must be positive for formation of similariton-like pulses in OPO with positive nonlinearity parameter; and negative net intracavity dispersion is required for forming similarition-like pulses in OPO with negative nonlinearity. That is to say the sign of dispersion must be the same as that of nonlinearity, namely γβ 2 > 0, which is the requirement of forming similaritons in nonlinear optical system [3, 7] . It is known that intensity-dependent refractive index coefficient n 2 determines the nonlinearity amount. The parameter n 2 in our case is about six times as large as that in Ref. [14] . INLSE is known to have similariton and soliton solutions, and the formation of similariton in OPO depends on a certain group of system parameters. The intensity-dependent refractive index coefficient n 2 plays an important role in the formation of similaritonlike pulses in OPO. Figure. 5 shows the characteristics of signal pulse spectra with different n 2 values and the results show larger n 2 value supports broader signal pulse spectrum. It can be easily understood that the nonlinearity will serve as self-phase modulation and effectively broaden the signal pulse spectrum. Finally, the spectrum broadening due to nonlinearity and the spectrum narrowing due to dispersion will reach to balance, which commonly determine the spectral width of signal pulse. It is worthwhile to note that the case here is distinct to the traditional soliton lasers, where the balance between nonlinearity and dispersion leads to a temporal soliton pulse and generally γβ 2 < 0 is required.
The physical process of three waves coupling in OPO is more complicated than that of fiber lasers and amplifiers. In the OPO, the GVMs between the three waves have a negative effect on the formation of similaritonlike pulses. Large GVMs between the three waves will lead to nonlinear chirp in signal pulses and even result in signal pulse collapse in OPO. Therefore, GVMs between the three waves should be as small as possible for the formation of similariton-like pulses in OPO. In addition, since long pump pulse duration will increase the walk-off lengths and dispersion lengths, long pump pulse will reduce the effects of GVM and dispersion on the formation of similariton-like pulses in OPO.
According to above analysis, the formation of similariton-like pulses in OPO requires three main conditions. Firstly, the value of γβ 2 must be positive. That is to say, the sign of net intracavity dispersion must be the same as that of the nonlinearity parameter. Secondly, the GVMs between three waves should not be too large. Thirdly, the intensity-dependent refractive index coefficient n 2 and net intracavity dispersion should have moderate values.
In conclusion, we have theoretically studied the formation of similariton-like pulses in singly resonant OPO. The numerical simulation results show that with appropriate system parameters in OPO, more than 110-fold compression and cycle-level ultrashort pulses can be achieved by picosecond pulse pumping. The similaritonlike OPO will have great potential applications for pulse compression and mid-infrared few-cycle pulses generation. To the best of our knowledge, this is the first theoretical prediction of formation of similariton-like pulses in OPO.
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